Background: The cytopathic effects of cytomegalovirus (CMV) infection have been well described since the virus was first reported; however, the morphology of CMV infection has not been clearly studied. We examined the difference in detailed cytologic findings in bronchial washing cytology between liquid-based and conventionally prepared smears. Methods: Bronchial washing cytology was processed using either the conventional preparation (CP) or liquid-based preparation (LBP). Sixty-nine cells with typical cytopathic effects of CMV infection were detected on CP slides and 18 cells on LBP slides. Using the image analyzer, area, circumference, major axis, and minor axis of the cytoplasm, nucleus, and intranuclear inclusion were measured in singly scattered CMV-infected cells, and histiocytes were used as a control. Results: The mean cytoplasmic area of CMVinfected cells was 1.47 times larger than that of histiocytes in CP and 2.92 times larger in LBP (p < .05). The mean nuclear area of CMV-infected cells was 2.61 times larger than that of histiocytes in CP and 4.25 times larger in LBP (p < .05). The nucleus to cytoplasm ratio and intranuclear inclusion to cytoplasm ratio of the mean area, circumference, major axis, and minor axis in CP were larger than those in LBP (p < .05). Conclusions: The sizes of cytoplasm, nucleus, and intranuclear inclusion were larger in LBP than in CP, indicating that CMV-infected cells are easily detectable in LBP. However, the nucleus-to-cytoplasm ratio was larger in CP, suggesting that differentiation from malignancy or regenerative atypia requires caution in CP.
The morphologic alteration of cytomegalovirus (CMV) infected cells is well described in that they have enlarged cytoplasm and nuclei, sharply demarcated nuclear membranes, and chromatin condensation with a surrounding halo. A distinguishing feature of CMV-infected cells was first described by Ribbert 1 in kidney and parotid glands of a syphilitic stillborn in 1904. 2 Jesionek and Kiolemenoglou 3 reported similar unusually large cells as protozoan-like cells and clearly described the cellular morphology: the cells were 20-30 µm in diameter, with large eccentrically placed nuclei. Each contained a 'central nuclear body' surrounded by two zones, a darker inner zone and a clear outer zone. 3 In 1921, Goodpasture and Talbot 4 suggested that these cells were similar to Varicella-infected cells of the skin and that they were products of viral infection, and thus they were named cytomegalia infantum. Cole and Kuttner 5 demonstrated inclusion body formation by viral injection into guinea pig cells. Various terminologies have been used for CMV, including "salivary gland virus disease," "inclusion body disease," "generalized salivary gland virus infection," "inclusion disease," and "cytomegalic inclusion disease." In 1957, Weller isolated viral particles from cells of cytomegalic inclusion disease and suggested CMV as the etiologic virus. 6 However, the exact size of enlarged CMV-infected cells has not been studied in detail.
CMV is a common infectious agent in immunocompromised hosts, and early detection is clinically important. The characteristic features have been used for pathognomonic diagnostic findings of CMV infections in various cytology specimens, including urine, sputum, bronchial brushing, and bronchoalveolar lavage. [7] [8] [9] [10] [11] In practice, the first diagnosis that used cytologic preparation was made by Fetterman in 1952. 7 Urine was obtained from a 2-day-old premature infant; after alcohol fixation and hematoxylin and eosin staining, several inclusion containing cells with enormous cellular hypertrophy and large intranuclear inclusions were observed in urine exfoliative cytology. The infant died of generalized inclusion disease, and typical inclusions were found in tissue sections of the brain, pituitary gland, thyroid gland, lungs, liver, pancreas, and kidneys. In 1964, Warner et al. 8 described the cellular morphology of CMV-infected cells in sputum cytology. CMV-infected cells in sputum contained a spherical nucleus, sharply demarcated nuclear membrane, centrally located chromatin mass surrounded by halo, and an occasional binucleated form that resembled a syncytium. In a tissue section of lung in this patient, typical cytomegaly with nuclear inclusion was observed throughout the alveolar spaces and septa, measuring 15-25 µm in cell size. Round or oval nuclear inclusion with halo, sharply delineated nuclear membrane, parabasal bodies, and occasional clusters of cytoplasmic inclusions were noted. Although detection of CMV-infected cells in cytology specimens is a less sensitive method than virus isolation, it is quite time saving in terms of effectiveness. Culture for viral isolation requires several weeks, and CMV titer in serology also requires weeks before diagnosis. Detection of CMV-infected cells using a cytologic specimen is an easy and widely used approach in immunocompromised patients and in those with conditions suspicious for congenital infection.
The application of cytologic specimens associated with respiratory tract infection including sputum, bronchial brushing, bronchoalveolar lavage, bronchial washing, and fine-needle aspiration was well-defined in a clinical setting of acquired immunodeficiency syndrome, idiopathic pulmonary fibrosis, lung transplantation, and kidney transplantation. [8] [9] [10] [11] [12] [13] [14] [15] Cytology specimens of other organs described as diagnostic tools for CMV infection including uterine cervical Pap smear, [16] [17] [18] [19] [20] [21] salivary gland aspiration, 22, 23 pleural fluid, [24] [25] [26] cerebrospinal fluid, 27 esophagus, 28 and thyroid aspiration 29 have been reported. In cytologic specimens, the individual cellular morphology is well-preserved, and the diagnostic usability is particularly useful for CMV infection in which cellular alteration is pathognomonic.
In liquid-based preparation (LBP), the cytologic detail of CMV infection has not been described except in two gynecologic samples, which highlighted the difference between CMV and human papillomavirus infection. 19, 30 Several studies that compared the difference between LBP and conventional preparation (CP) in cytologic specimens focused mainly on neoplastic diseases. [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] We studied the difference in detailed cytologic findings between bronchial washing in LBP and CP for cellular morphologic parameters.
MATERIALS AND METHODS

Patient selection
Five cases diagnosed with CMV infection based on bronchial washing cytology specimens at Gachon University Gil Medical Center between 2003 and 2014 were selected and reviewed. This study was approved by the Institutional Review Board (IRB) of Gachon University Gill Medical Center (IRB No. GBIRB 2015-284). Clinical information on the five patients is summarized in Table 1 . Each bronchial washing cytology specimen was treated in CP and LBP.
Cytologic preparations
The obtained samples were treated with both CP and LBP, simultaneously. The bronchus was washed with normal saline, and the washing samples were centrifuged for five minutes. The cytospin technique was used as in the CP method. The sample was centrifuged (2,000 rpm, 5 minutes), and two cytospins (1,500 rpm, 4 minutes) were prepared for each bronchial washing sample. Slides were fixed in 95% alcohol for 60 minutes and stained with a Papanicolaou stain. For LBP, mucolysis was performed using dithrothreitol. After rinsing with Cytolyt (Cytyc Co., Boxborough, MA, USA), the sample was centrifuged for five minutes at 1,500 rpm. The supernatant was discarded, Table 1 . Clinical history of patients with cytomegaloviral infection detected in bronchial washing cytology and the number of cytomegalovirus infected cells and histiocytes by the cytologic preparation method and the sample was transferred to a vial containing cytopreservative solution (PreservCyt, Cytyc Co.). PreservCyt solution mildly fixed the cells for 15 minutes. The sample was run on a ThinPrep Processor (Cytyc Co.) using sequence 3 (for mucoid specimen). A single slide was prepared for each sample and was stained using the Papanicolaou method.
Imaging and analysis
Using a DP70 digital camera (Olympus, Tokyo, Japan) and BX51 microscope (Olympus), pictures were taken at high power magnification (× 1,000) for each singly scattered CMV-infected cell and histiocyte. Cells with artifacts such as drying, squeezing, and overlapping were excluded. Sixty-nine cells with typical cytopathic effects of CMV infection on CP slides and 18 cells on LBP slides were selected (patient 1, 9 cells on CP; patient 2, 1 cell on CP; patient 3, 15 cells on CP and 5 cells on LBP; patient 4, 27 cells on CP and 12 cells on LBP; patient 5, 17 cells on CP and 1 cell on LBP) ( Table 1 ). The area, circumference, major axis, and minor axis of cytoplasm, nucleus, and intranuclear inclusion were measured using the image analyzer software package i-Solution ver. 10.1 (IMT i-Solution, Vancouver, BC, Canada). The major axis was the longest diameter, and the minor axis was the dimension perpendicular to the major axis (Fig. 1A, B) . circumference, major axis, and minor axis results to assess the differences in CMV-infected cells and histiocytes in each preparation method and the differences in CMV-infected cell morphology in different preparations. A p-value less than .05 was considered statistically significant.
RESULTS
CMV-infected cell morphology in bronchial washing cytology
Sixty-nine cells with typical cytopathic effects of CMV infection were detected on CP slides, and 18 cells were noted on LBP slides (Fig. 1C, D) . Each CMV-infected cell was singly scattered with an enlarged cytoplasm and nucleus, compared to histiocytes around the cell. The nuclear membrane was distinct, and a well-demarcated large intranuclear inclusion was observed with a peri-inclusion halo. Cytoplasmic inclusion was variably noted.
CMV-infected cells and histiocytes in CP
Details on the morphologic parameter measurements are shown in Tables 2 and 3 . The mean cytoplasmic area of CMVinfected cells was 189.94 ± 49.27 µm 2 (t = 8.136, p < .001), and the mean nuclear area of CMV-infected cells was 73.87 ± 19.54 µm 2 (t = 18.021, p < .001). The nucleus to cytoplasm ratio of the mean area in CMV-infected cells was 0.40 ± 0.09 (t = 13.817, p < .001).
CMV-infected cells and histiocytes in LBP
The mean cytoplasmic area of CMV-infected cells was 299.74 ± 94.90 µm 2 (t = 8.414, p < .001), and the mean nuclear area of CMV-infected cells was 100.89 ± 47.87 µm 2 (t = 6.751, p < .001). The nucleus to cytoplasm ratio of the mean area in CMVinfected cells was 0.33 ± 0.07 (t = 2.781, p = .008) ( Tables 2, 3) .
CMV-infected cell morphology in CP and LBP
The mean area, circumference, major axis, and minor axis of the cytoplasm, nucleus, and intranuclear inclusion of CMV-infected cells in LBP were larger than those in CP (p < .05) (Table 4) . However, the mean area, circumference, and major axis of the nucleus to cytoplasm ratio in CP were larger than those in LBP (p < .05) ( Table 4) .
Histiocytes in CP and LBP
The mean cytoplasmic area of histiocytes in CP was 129.48 ± 47.82 µm 2 , which was 1.26 times larger than that in LBP (t = 2.382, p = .019). The mean nuclear area of histiocytes in CP was 28.35 ± 9.64 µm 2 (t = 2.081, p = .039). The nucleus to cytoplasm ratio of the mean area, circumference, major axis, and minor axis of histiocytes in CP was not significantly different from that in LBP.
DISCUSSION
CMV-infected cells are distinguishable by an enlarged morphology compared to normal counterpart cells. However, the exact numerical measurements of the cytoplasm or nucleus have not been described. In this study, we clarify the sizes of the cytoplasm, nucleus, and intranuclear inclusion in terms of area, circumference, major axis, and minor axis. In CP, the mean cytoplasmic area of CMV-infected cells was 1.47 times larger than that of histiocytes, and the mean nuclear area was 2.61 times larger. In LBP, the mean cytoplasmic area of CMV-infected cells was 2.92 times larger than that of histiocytes, and the mean nuclear area was 4.25 times larger. We measured the size of histiocytes near CMV-infected cells and of those that were singly scattered and well-preserved. Histiocytes were selected as a control for the following reasons: (1) the selected CMV-infected cells were singly scattered with a round cytoplasmic contour, which mainly appeared to be CMV-infected histiocytes, (2) histiocytes are the most frequently encountered cells in bronchial washing cytology specimens, and (3) the exact difference between CMV-infected cells and histiocytes can be easily determined in daily practice.
The mean nuclear cytoplasmic area ratio of the CMV-infected cells was 1.74 times larger than that of histiocytes in CP and 1.27 times in LBP. The nuclear cytoplasmic area ratio was 0.83 times smaller in LBP (0.33 ± 0.07) than in CP (0.40 ± 0.09). Attention should be paid to the relatively high nuclear cytoplasmic ratio in CP for a practical differential diagnosis of other pathologic cellular alterations, such as neoplastic conditions and reparative changes.
The results of specimen collections from five patients were analyzed as CMV-infected cells in CP, CMV-infected cells in LBP, histiocytes in CP, and histiocytes in LBP. When the four grouped cells were analyzed separately in each patient, the result was the same as shown above. Several reports on compari- son of CP with LBP have highlighted the smaller sizes of the nucleus and cytoplasm in LBP, [37] [38] [39] [40] clear morphologic detail in LBP, 36 higher diagnostic accuracy, [33] [34] [35] and superior quantity of diagnostic cells 34 or infectious organisms. 32 Son et al. 31 reported that, in urine, the cell and nuclear sizes in LBP are larger than in CP. In this study, CMV-infected cells of LBP were significantly larger in the nucleus (1.58 times), cytoplasm (1.37 times), and intranuclear inclusion (1.25 times) areas compared with CP. Enlargement of cells in CMV infection is characteristic and is more easily detectable in LBP than in CP, which may help to increase the diagnostic accuracy. It is unclear why the LBP specimen showed larger CMV-infected cells. It is possible that several factors influenced this result, such as delayed time for the fixative from the moment the specimen was obtained, CMV-infected cellular characteristics, and degeneration. Additional studies with a larger number of cases are needed to determine causative factors for the larger size of histiocytes in CP.
The LBP method has an advantage in detecting CMV-infected cells in daily practice because of the large cytoplasm and nucleus, which are enhanced by a clean background and a small field, which emphasize the enlarged cells and cellular details. However, in this study, the number of CMV-infected cells in LBP tended to be lower than in CP. The CP slides contained more CMV-infected cells. However, the CMV-infected cells were scattered throughout the entire smear slide. In addition, CMVinfected cells in CP showed a higher nuclear cytoplasmic ratio than those in LBP, which requires a clearer differentiation from other conditions that result in a high nuclear cytoplasmic ratio.
To the best of our knowledge, this is the first analysis of the cytoplasm, nucleus, and intranuclear inclusion of CMV-infected cells that includes numerical measurements of area, circumference, and major and minor axes. The exact extent of CMV-in- fected cell enlargement compared to histiocytes was calibrated, and it might be helpful in diagnosing CMV infection in bronchial washing cytology specimens. The preparation method affects the extent of cellular alteration, specifically the cell size, and further study is needed to elucidate the mechanism. In addition, CMV-infected cells in LBP were significantly larger than those in CP.
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